M factor (EGF) precursor have been found in a large number of proteins with diverse functions. Among these proteins are the vitamin K-dependent clotting factors VII, IX, and X, proteins C and S of the protein C anticoagulant system, and the nonvitamin-K-dependent proteins urokinase (uPA), tissue-type plasminogen activator (tPA), and factor XI1 (Fig l) .1. 7 Progress toward an understanding of structure-function relationships of EGF modules in vitamin K-dependent proteins has advanced along four lines of inquiry. First, the application of high-resolution NMR spectroscopy to structural studies has shown a striking similarity between EGF,"" transforming growth factor-a (TGR-cx),'~"~'~ and the NH,-terminal EGF module of factor X.I3 Second, the properties of factor IX molecules with mutations in the NH,-terminal EGF module have provided insight into the function of these module^.'^.'^ Third, EGF module-containing proteolytic fragments of factors IX1* and X 1 9 3 ' 0 and protein Cz1,22 and protein S,U and a recombinant EGF module of factor IX,24 have been shown to bind Ca2+, thus defining a new class of metal ion-binding sites that is presumably crucial to many fundamental biologic p r o c e~s e s . '~,~'~~~ Fourth, fragments that contain such EGF modules either free or linked to the y-carboxyglutamic acid-containing region are being used to study inter-module interaction^.^^-^' The purpose of this review is to give an account of recent findings regarding the structure and function of EGF modules in vitamin K-dependent plasma proteins and relate the results to advances in the understanding of the function of similar modules in other proteins. For information about the reactions of the vitamin K-dependent enzyme complexes, the reader is referred to a review recently published in this journal.'* There have been several reviews on EGF*8*Z9,30 and EGF modules in nonvitamin K-dependent *The term module is used throughout this report as suggested by Patthy',' and by Baron et al, ' rather than domain, repeat, or motif. However, in accordance with the commonly used nomenclature, vitamin K-dependent proteins lacking the y-carboxyglutamic acidcontaining module will be referred to as, eg, Gla-domainless factor X rather than Gla-moduleless factor X.
THE EPIDERMAL GROWTH FACTOR
The archetype of proteins that contain EGF-like modules is the EGF precursor. This large membrane-spanning protein contains nine EGF modules in the extracellular NH,-terminal region (see Fig 8) .6,3(F33 The EGF module closest to the cell mem'wne has arginine residues on either side and is released as active, diffusible EGF after cleavage of the precursor by an endopeptidase with trypsinlike specificity. The function and fate of the remaining eight NH,-terminal modules, presumably released as a single large fragment, are unknown. TGF-(u is structurally related to EGF and is also released from a membrane-bound precursor by limited proteolysis." Both EGF and TGF-(u bind to the EGF receptor, a transmembrane ligand-activated receptor with protein tyrosine kinase activity.""20 Activation of the receptor stimulates a host of proliferative and developmental responses. 6 EGF is a small protein containing 53 amino acids. Its six Cys residues form three intrachain disulfide bonds linked 1-3, 2-4, and 5-6, a pattern characteristic of EGF modules (Fig QZ9 EGF and TGF-a, with correct disulfide bond pairing and full biologic activity, can either be chemically synthesized or the recombinant proteins expressed in prokaryotes or eukaryote^.^^^^^*^^ Crystal structures of EGF or its homologues have not been reported, although this project must have high priority in a number of laboratories. However, recently the structures of synthetic human and authentic murine EGF'0338,39 have been determined by 2D-NMR spectroscopy. The EGF molecule contains two subdomains, an NH,-terminal one, residues 1 through 32, and a COOH-terminal one, residues 33 to 48. Contact between the subdomains is established through residues 13 to 16 and 40 to 43. The NH,-terminal subdomain contains Lysed tPI Fig 1. Proteins containing EGF modules in the blood clotting cascade, the protein C anticoagulant system, and the fibrinolytic system. Enzymes are red and cofactors blue. Viamin K-dependent proteins containing EGF modules are boxed and proteins that do not require vitamin Kfor normal biosynthesis, but those that contain EGF modules are in ovals. EGF module-containing plasma proteins, not shown in the figure, are complement proteins Clr and C1s/l*lm factor XIl,*' and vitamin K-dependent protein 2. ' Clotting factors are referred to by their roman numbers. TM, thrombomodulin.
two disulfide bonds and an antiparallel P-sheet that starts at residue 19 and ends at residue 32. The two major strands of the P-sheet are linked by a p-turn involving residues 24 to 27. The five NH,-terminal residues form a loosely attached antiparallel third strand (Fig 2) . The smaller COOH- Residues 19 to 23 and 28 to 32 form an antiparallel psheet with a p-turn involving residues 24 to 27. Residues 1 to 5 form a third strand, loosely attached to the major pleated sheet. The COOH-terminal p-sheet involves residues 37 to 38 and 44 to 45. Amino acids are represented by the standard one-letter code.
terminal subdomain in human EGF has one disulfide bond and a minor p-sheet involving residues 37 to 38 and 44 to 45.
The structure of TGF-CY has also been determined by 2D-NMR spectroscopy and was found to be similar to that of EGF.",'2 The biologic activity and receptor binding of synthetic peptides containing part of the EGF molecule, eg, the COOH-terminal subdomain with intact disulfide bonds, have invariably been found to be several orders of magnitude lower than those of intact EGF.3s The experiments show that biologic activity requires intact molecules, presumably with a native conformation.
STRUCTURE OF VITAMIN K-DEPENDENT PROTEINS WITH EGF MODULES
The vitamin K-dependent plasma proteins are defined by an NH2-terminal peptide of approximately 40 amino acids that contains 10 to 12 Glu residues which are carboxylated to y-carboxyglutamic acid (Gla) in the presence of vitamin K (Fig 3) . 4042 The conformation of the Gla module was recently determined by X-ray ~hrystallography.4~ NH2-terminal to this region is a signal peptide that is proteolytically removed in the cisternal space, and a propeptide that is required for the proper recognition of the substrate by Protein S protein C consist of two polypeptide chains. Note that both groups of proteins have a short peptide COOH-terminal to the Gla region that is encoded by a separate exon. SHBG stands for sexual hormone binding gl~buline.~" The precursor propeptide (not shown in the figure) that is a recognition site for the vitamin K-dependent carboxylase is coded on the same exon as the Gla region.
For personal use only. on November 11, 2017 . by guest www.bloodjournal.org From the vitamin K-dependent carboxylase. The propeptide is removed by proteolytic cleavage before secretion of the protein. The proteases among the vitamin K-dependent proteins are closely related to the archetypal serine proteases chymotrypsin and trypsin." Factors VII, IX, X, and protein C all have two EGF modules between the Glacontaining module and the COOH-terminal serine protease part? Vitamin K-dependent protein Z has the same module structure, but the COOH-terminal part of this protein, although homologous to the serine proteases, lacks two of the residues in the charge relay system and thus is enzymatically ina~tive."~.~~ The function of protein Z is ~nknown.~'
The protein S molecule, containing four EGF modules, is not a serine protease and has a unique module ~tructure.~~"' Like the other vitamin K-dependent plasma proteins, it has an NH,-terminal signal peptide and a propeptide, followed by a Gla region. COOH-terminal to the Gla region protein S has a disulfide loop with two arginyl bonds that are very susceptible to proteolytic cleavage by thrombin. This region is followed by four EGF modules. The structure of the COOH-terminal half of the molecule is unrelated to the serine proteases but homologous to steroid hormone binding proteins in plasma and in the Prothrombin is the only vitamin K-dependent plasma protein that lacks EGF modules. Instead, it has two kringle modules inserted between the Gla module and the serine protease
The organization of the genes for the vitamin K-dependent proteins provides an example of evolution by gene duplication, point mutation, and exon s h~f f l i n g . ' ,~.~~,~~ The NH,-terminal signal peptide is encoded on a single exon, whereas the propeptide and the Gla-containing region, which constitute a functional unit, are both encoded on one exon. A short connecting peptide, rich in aromatic amino acids and encoded on a single exon, is inserted between the 
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Gla module and the EGF modules in factors VII,56 IX,57 X: 8 and protein C,s9,60 and between the Gla module and the thrombin-sensitive region in protein S. Each of the EGF modules is encoded by a separate exon. The COOHterminal serine protease part of factors VII, IX, X, and protein C is encoded by three exons with introns appearing in the homologous positions. The COOH-terminal half of protein S is homologous to a steroid hormone binding protein with a conserved location of the intron^.^'.^^ The domains in the NH,-terminal halves of these molecules are encoded by single exons that have the same phase at their intron-exon boundaries, suggesting that these parts of the molecules have evolved by exon shuffling and gene duplication.'~~ The COOH-terminal serine protease parts have splice junctions with different phases, indicating that they have been recruited to their respective genes in one block. The same reasoning applies to the part of the protein S gene that is homologous to genes coding for steroid hormone binding proteins.
STRUCTURE OF THE EGF MODULES OF VITAMIN K-DEPENDENT PROTEINS
The pairing of disulfide bonds in EGF modules in nonvitamin-K-dependent proteins is routinely inferred from sequence homology. However, in factor X pairing has been experimentally shown to be identical to that in murine EGF.& The NH,-terminal EGF module in factor IX has been expressed in yeast and has been chemically synthe~i z e d .~~,~~ Under appropriate conditions, it folds spontaneously to attain a native conformation with the correct disulfide bond pairing. Intact EGF-like modules have also been isolated from proteolytic digests of bovine factors IX," X,'9x20 protein C,2's22 and protein S.23 The procedure for the isolation of intact modules from factor X is outlined in modules are native, that the posttranslational amino acid modifications are present, and that pairs of modules can be isolated, making studies of the interaction of neighboring EGF-like modules possible. Finally, the Gla-containing module can be isolated linked to one or two EGF-like modules, a linkage that endows them with affinity for phospholipid.
The secondary structure of the NH,-terminal EGF module of factor X (EX-EGF,; corresponding to residues 45 to 86 of bovine factor X; Fig 5) was recently determined by 2D-NMR spectroscopy." As it was isolated from an enzymatic digest of factor X, the aspartic acid residue in position 63 was fully hydroxylated to erythro-p-hydroxyaspartic acid. The secondary structure of the NH,-terminal EGF-like module from factor X was found to be similar to that of human and murine EGF,!-'2337"9 a noteworthy finding in view of the fact that only eight residues are identical when the sequences are aligned according to the location of the cysteine residues. In the factor X module, the major antiparallel p-sheet structure encompasses residues 59 to 64 and 67 to 72 with a p-turn corresponding to residues 64 to 67. Unlike murine and human EGF and TGF-a, however, there is no evidence of a triple-stranded p-sheet connecting the NH,-terminal residues (positions 45 to 49) to the major antiparallel p-sheet structure. An important feature is that in the NH,-terminal EGF-like modules of factors IX, X, and protein C there are two negatively charged residues NH,-terminal to the first Cys residue (Asp 46 and 48 in factor X) that have no counterpart in human or murine EGF (Figs 2 and 5) ; the implications of this difference for Ca2+ binding are discussed below. The pleated sheet structures and 6-turns in the COOH-terminal part of the molecule (residues 71 to 86) occur in the same positions as in murine EGF.
There are four types of postribosomal modification in the EGF-like modules of vitamin K-dependent proteins. Among these are postribosomal hydroxylation of aspartic acid and asparagine residues to form erythro-6-hydroxyaspartic acid and erythro-p-hydroxyasparagine, respectively (see beIow).~~.~' 0-glycosidically linked disaccharide and trisaccharide units each with a unique structure were recently identified in human and bovine factors VI1 and IX and in protein Z.72-74 The disaccharide unit was found in the human proteins and the trisaccharide unit in the bovine proteins. The structure of the trisaccharide unit in bovine factor IX is D-xylpa 1-3-D-xYb a 1-3-~-Glc pl-0-Ser-53. 74 The disaccharide unit lacks the terminal xylose residue. The structure of the EGF-like module from bovine factor X suggests that the serine residue to which the carbohydrate moiety is linked is positioned in a p-turn. Factors VI1 and IX and protein Z have the consensus sequence Cys-k-SerXxx-Pro-Cys (corresponding to residues 51 to 56 in bovine factor IX; Fig 6) , a sequence that is also present in EGF-like modules in many nonvitamin-K-dependent prot e i n~.~~~~~ Factor X5' and protein C593"377 lack the Ser residue and do not have the carbohydrate chain. A noteworthy finding in this context is that the disaccharide unit has been isolated from human urine in amounts that are larger than can be accounted for by the vitamin K-dependent protein~.~' The function of the carbohydrate moieties is unknown and the glycosylating enzyme has not yet been characterized. The COOH-terminal EGF-like module in For personal use only. on November 11, 2017 . by guest www.bloodjournal.org From protein C has a carbohydrate side chain that is N-glycosidically linked to an asparagine residue (position 97)59","; its function is unknown. Finally, the NH,-terminal EGF module in protein C has two half-cystine residues, presumably linked by a disulfide bond, that have no counterpart in any of the other EGF-like
P-HYDROXYASPARTIC ACID AND P-HYDROXYASPARAGINE
Hydroxylated aspartic acid and asparagine residues were first identified in the vitamin K-dependent plasma proteins, erythro-P-hydroxyaspartic acid (Hya) in protein c66 and in factor X,@ and erythro-P-hydroxyasparagine (Hyn) in protein S.7' Hya was subsequently found in factor IX, protein s, and protein Z.67,69 The free amino acids, also in the erythro form, had previously been identified in urine."@ Peptidebound Hya and Hyn are formed by postribosomal hydroxylation of aspartic acid and asparagine, respectively, and have so far only been identified in EGF-like modules.b71 They are always positioned between the third and fourth Cys in the consensus sequence Cys-&-Asp/ A s n -k -kk -k -P h e / T y r -k -C y s -k -C y s (corresponding to residues 61 to 72 in bovine factor X) where AspIAsn becomes hydr~xylated.~" The Asp/Asn residue is adjacent to the Phe/Tyr residue in the antiparallel pleated sheet (Fig 9 . l ' There are always eight residues between the first and second Cys residue in the above sequence. However, this eight-residue sequence may be present and the appropriate Asp/Asn residue may still be unhydroxylated or partially hydroxylated. Thus, the NH,-terminal EGF-like module in human factor VI1 has the consensus sequence but has Asp instead of Hya8' and in human factor IX hydroxylation is partial ( = 30%). 67 The hydroxylase obviously also has other, as yet unidentified, structural requirements on its substrate.
The Asp-P-hydroxylase belongs to the 2-oxoglutaratedependent dioxygena~es.8'-~~ Using conditions that satisfy prolyl-4-hydroxylase, and with rat liver microsomes as an enzyme source, it has been shown that synthetic, correctly folded peptides corresponding to the intact NH,-terminal EGF module from factor IX and factor X stimulate 2-oxoglutarate decarboxylation.8zsM Decarboxylation of the 2-oxoglutarate (with I4C in the appropriate position) is coupled to the Asp/Asn P-hydroxylation, which forms the basis for a convenient assay of the enzyme activity. The decarboxylation is inhibited by 2,4-dicarboxypyridine and similar analogues of 2-oxoglutarate known to inhibit prolyl-4-hydroxyla~e.~~ These compounds also inhibit the hydroxylation of recombinant factor IX expressed in mammalian tissue cult~re.~' The product of the reaction has been characterized and was found to be erythro-P-hydroxyaspartic acid in the position predicted by the consensus sequence." The hydroxylase appears to require a substrate with native conformation, as linear peptides with the appropriate sequence do not stimulate 2-oxoglutarate decarboxylation.82 Whether one enzyme can hydroxylate both Asp and Asn residues or whether each amino acid requires a specific hydroxylase is not known.
Among the 2-oxoglutarate-dependent dioxygenases, prolyl-4-hydroxylase, which requires ascorbic acid as a reducing agent, has been studied in the most It is a tetramer with the subunit composition, CY$,, where the p-subunit is identical to protein disulfide isomerase. There is no evidence that aspartyl-P-hydroxylase requires ascorbic acid in vivo, as the Hya content is normal in vitamin K-dependent plasma proteins isolated from severely scorbutic guinea pigs.87 Like lysyl hydroxylase and several other dioxygenases, Asp-P-hydroxylase seems to require reducing agents other than ascorbic acid,@ but does not require vitamin K because protein C, purified from bovine plasma obtained from a cow treated with the vitamin K antagonist dicoumarol and thus uncarboxylated, is fully hydr~xylated.'~ Moreover, deletion of the propeptide in recombinant factor IX, expressed in mammalian cells, leads to the complete inhibition of carboxylation, whereas the Hya content remains unchanged; that is, the aspartyl-@-hydroxylase does not require vitamin K.% Several proteins have recently been identified that do not require vitamin K for normal biosynthesis but contain Hya and/or Hyn; examples are the complement proteins Clr and Cls? the TGF-P1 binding protein,-and the low-density lipoprotein receptor and thrombomodulin, both of which are partially hydrox~lated.9~ Thus, the AspIAsn-P-hydroxylase appears to be widely distributed in mammalian cells and tissues. Recombinant vitamin K-dependent proteins expressed in mammalian tissue culture are hydroxylated to approximately the same extent as the corresponding plasma-derived protein,90 whereas EGF-like modules expressed in yeast and bacteria are ~nhydroxylated.2~ In this context, it is noteworthy that the gene product of the Notch locus in Drosophila melanogaster contains 22 EGF modules that have the consensus sequence required by the hydroxyla~e.~~.~~ This sequence has also been found in EGF modules in other membrane proteins coded by neurogenic loci in D melanogaster, 94395 as well as in proteins from other sources.%'97 Whether any of these proteins contain Hya/Hyn is still unknown.
The Asp-P-hydroxylase has now been solubilized from bovine liver microsomes and purified 130-fold with conventional chromatographic technique^.^' It is noteworthy that detergents are not required after the initial solubilization, suggesting that, like prolyl-4-hydroxylase, Asp-P-hydroxylase is not a membrane protein but is located in the cisternal space. Whether it has the COOH-terminal sequence Lys-Asp-Glu-Leu that is required for retention of soluble proteins in this compartment is not known.98 The NH,-terminal EGF module from factor X is a much better substrate for the isolated hydroxylase than the corresponding module from factor IX,= which is noteworthy considering that hydroxylation of the appropriate Asp residue in human factor IX is partial ( = 30%) but complete in human factor X.67 The structural basis of this difference is unknown.
CA'+ BINDING OF EGF-LIKE MODULES
The Gla-containing region in the vitamin K-dependent serine proteases can be removed by limited proteolytic cleavage.w.'w After cleavage, the Gla region dissociates from the remainder of the molecule leaving an intact Gla-domainless form of the protein that can be activated to For personal use only. on November 11, 2017 . by guest www.bloodjournal.org From a protease with full amidolytic activity. Measurements of the binding of CaZ+ to the Gla-domainless factors IX'O' and X'" and protein C'"*'03 have shown them to have one to two Ca2+ binding sites with dissociation constants of 40 to 200 Fmol/L. Calcium ion binding to the Gla-independent site(s) seems to induce a global conformational change in the protein, as judged by a reduced accessibility of the disulfide bonds in Gla-domainless factor X and protein C to reduction by thioredoxin in the presence of Ca2+.'02 Moreover, resistance to degradation by proteolytic enzymes was found to increase in the presence of CaZ+." The functional significance of Caz+ binding to the Gla-domainless form of protein C became obvious when it was shown that the Gla-domainless protein was much more rapidly activated to a serine protease by the thrombin-thrombomodulin complex in the presence of CaZ+ than in its absence.'" Direct evidence of Ca2+ binding to EGF-like modules was obtained with protein C. The two modules, isolated from proteolytic digests of protein C, were found to bind Ca2+ with a kd = 100 FmoVL." In site-directed mutagenesis studies the metal ion binding site was located at the NH,-terminal of the two module~.''~ Binding of Ca2+ to the isolated NH,-terminal, Hya-containing EGF module from factor X has been studied using 'H NMR spectro~copy.'~ It is noteworthy that Ca2+ induced changes in chemical shifts of aromatic protons from Tyr 68 that is located opposite to Hya in the pleated sheet, suggesting a nearby location of the metal ion binding site (Fig 5) . The kd for Ca2+ binding at pH 7.5 in the absence of NaCl was found to be 0.8 mmol/L, whereas it was 2 mmol/L in the presence of 0.15 mol/L NaCl. At pH 8.5, the kd was 250 pmol/L in the absence of NaCl. The pH dependence of the Caz+ binding was attributed to two nearby His residues. The kd of 2 mmol/L at physiologic pH and ionic strength should be compared with the kd of 180 Fmol/L found for Gla-domainless bovine factor X.'" The higher Ca2+ affinity of the Gla-domainless protein as compared with the isolated EGF-like module may be attributed to negative charges on residues in the vicinity of the Ca2+ binding site that are not directly involved in the metal ion binding. Recently it was reported that the NH,-terminal EGF module of factor IX contains a single Ca2+ binding site with a kd of 200 to 300 p , m~l / L .~~ The module had been expressed in yeast and thus had Asp instead of Hya in position 64. This EGF-like module has also been chemically synthesized and found to bind Ca2+:' Thus, it seems firmly established that in both factors IX and X and in protein C, the first EGF module has a Ca2+ binding site with a physiologically appropriate affinity. Spectroscopic evidence suggests that this site does not bind
The four EGF modules in protein S have features that set them apart from those in factors IX, X, and protein C, not only structurally but also in terms of their very high affinity for Ca2+.23 The NH,-terminal module is preceded by a thrombin-sensitive region that has no counterpart in the other vitamin K-dependent proteins (Fig 3) .a,4y Like factors IX and X and protein C, protein S has Hya in the first EGF-like module, but differs by having Hyn in the corresponding position in each of the following three modules.70
Mg. 18*20J0'
The hydroxylations are partial, as acid hydrolysates of protein S contain an average of 2.2 mol Hya per mol of protein." Cleavage of protein S with thrombin leaves the Gla module linked to the remainder of the molecule with a disulfide bond (Fig 3) .'05-'07 However, the Caz+ affinity of the Gla module in the cleaved protein is considerably reduced, suggesting that this particular cleavage may regulate the biologic activity of protein S in vivo.'" Proteolytic fragments of protein S that contain the thrombin-sensitive module linked to the four EGF modules or the two COOH-terminal EGF modules were recently isolated." The EGF modules of protein S were found to bind Caz+ with very high affinity. The dissociation constants for these Caz+ binding sites are:
kd, < 1 x lo-' mol& kd, = 3 X lo-' mol& kd, = 2.5 x mol/L. A minimum of two of the sites are located in the EGF modules of protein S. It is noteworthy that the affinity of these sites for Ca2+ is two to four orders of magnitude tighter than the affinity of the corresponding sites in factors IX,% X," and protein C.21,22 mol/L; and kd, = 1 x
NATURE OF THE CA" BINDING SITE IN EGF MODULES
The identification of Hya in EGF modules of vitamin K-dependent plasma proteins in 1983 led to the proposal that the modified amino acid is involved in Gla-independent metal ion binding.68*'0'~'02 This assumption was based largely on indirect spectroscopic evidence. When the EGF module of factor IX was modelled, assuming homology to human EGF as determined by 2D-NMR spectroscopy, two conserved Asp residues at positions 47 and 49 and the Asp/Hya residue in the major pleated sheet (position 64) were proposed to be involved in Caz+ binding (Figs 5 and   6 ).92'4 This interpretation derives support from the demonstration that protein Z , which lacks a Gla-independent Ca2+ binding site, has Gly and Ser instead of the two conserved Asp residues.lW Defective factor IX molecules with mutations in the NH,-terminal EGF-like module, isolated from plasma of patients with hemophilia B, have shed light on the nature of the Ca2+-binding ~ite."~"'~ Four of the mutations involve residues that have been implicated in Ca2+ binding, ie, factor IX factor IX Oxford dl,'" factor IX Oxford d3,'I2 and factor IX London 616 (Fig 6) . The biologic activity of the mutant factor IX molecules varies between less than 1% and 10%. The Ca2+ binding studies performed with factor IX Alabama (Asp 47 to Gly) were interpreted to suggest that Asp 47 in normal factor IX coordinates to the bound Ca2+, inducing a conformational change in the molecule."' Factor IX Oxford d l (Asp/Hya 64 to Asn) is reported to have defective Caz+ binding."' The factor IX mutation designated New London causes severe hemophilia B.'14 However, the Ca2+ binding properties of this mutant have not been investigated.
The hypothesis that Asp 47 and 49 and Asp/Hya 64 are required to obtain biologically active factor IX has been corroborated by site-directed mutagenesis experiment^.'^ Mutant molecules (Asp 47 to Lys or Gly; Asp 49 to Glu; Asp/Hya 64 to Lys, Val, or Gly) had biologic activities that varied between 1% and 8% in factor IX clotting assays. The amounts of recombinant protein available did not allow
experiments with naturally occurring factor IX mutant molecules and recombinant factor IX mutants thus indicate that the first EGF-like module is essential for factor IX function. Moreover, the Asp residues NH,-terminal to the first Cys residue and the Asp/Hya residue in the major pleated sheet appear to be involved in Caz+ binding.
In protein C, the aspartic acid residue that becomes hydroxylated has been mutated to glutamic acid.'04 The biologic activity of the mutant protein was reduced by 90%, as compared with the recombinant nonmutant protein.
Moreover, the mutant protein was not recognized by a monoclonal antibody to a Ca2+-dependent epitope in the NH,-terminal EGF module, providing independent evidence of an involvement of the Hya residue in Ca2+ binding. In this and other studies where site-specific mutagenesis has been made, it should be kept in mind that the effect of the mutation may be an inadvertent consequence of the intended change.
2D-NMR studies of the structure of the Ca2+-free form of the NH,-terminal EGF module from factor X have shown the amino acids NH,-terminal to the first Cys (residues 45 to 49; Fig 5) to be mobile relative to the major pleated sheet, in contrast to the corresponding residues in murine EGF." The Ca2+-induced change in chemical shift of aromatic protons from Tyr 68 suggests that the metal ion binding site may be located in the NH,-terminal subdomain" (see above). Recent 2D-NMR studies of the Ca2+ saturated form of this module have shown that, unlike the shift of protons in the COOH-terminal subdomain residues, shifts of protons in Asp 46 and 48 and Hya 63 as well as neighboring residues are affected by Ca2+ binding (Selander M, Drakenberg T personal communication, March 1991). These data are consistent with the notion that the two conserved Asp residues and the Hya residue are ligands in the Ca2+ binding site, linking the NH,-terminal residues to the major pleated sheet. A direct involvement of Asp 46 and 48 and Hya 63 of factor X in Ca2+ binding, and of the corresponding residues in factor IX and protein C, thus remains a tenable hypothesis being increasingly supported by experimental data.
Calcium ion-binding studies made with the first EGF module in human factor IX used material that had been expressed in yeast or had been chemically synthesized, in either case with Asp in position 64 instead of H y a . %~~~ The Ca2+ affinity of these domains was found to be slightly higher than that of the isolated EGF-like module from factor X, which has Hya instead of Asp in the corresponding position. Gla-domainless human plasma factor IX, which is hydroxylated to about 30%, was found to bind Ca2+ with an affinity comparable with that of Gla-domainless bovine factor IX, which is fully hydr~xylated."~ Thus, the function of the hydroxyl group in Hya in Ca2+ binding is unclear. However, it should be emphasized that no detailed comparison has yet been made of the metal ion binding properties of the Hya-containing EGF module from, eg, factor X, with a domain that has Asp instead of Hya but that is otherwise identical. Nor has it been investigated whether the hydroxyl group contributes to the metal ion selectivity of the binding site. It is also possible that the metal ion affinity of the EGF module is similar, irrespective of whether the crucial Asp residue is hydroxylated. However, the hydroxyl group may be instrumental in mediating a metal-ion induced conformational transition in the module or may affect its orientation relative to the neighboring domains.
The EGF modules in protein S are unique among the vitamin K-dependent proteins, not only in that three of them have Hyn rather than Hya," but also in that their Caz+ affinity is two to four orders of magnitude tighter than those of the corresponding Hya-containing modules in factors IX and X.= The two COOH-terminal Hyn containing EGF modules in protein S have Glu corresponding to position 49 in factor X, whereas the Hya-containing modules in factors VII, IX, X and protein C and protein S have Gin in this position (Fig 7) . Whether the extra negative charge in this region of the Hyn-containing protein S modules causes their higher Caz+ affinity is not yet known. However, it seems clear that those proteins which have the consensus sequence required by the hydroxylase also have an accumulation of negative charge NH,-terminal to the first Cys residue.
It is noteworthy that the characteristic sequence Xxx-AspVal/Ile-Asp-Glu-Cys (corresponding to residues 45 to 50 in factor X) is found in EGF modules in the TGF-P1 binding proteing2 as well as in protein S."." Binding of Caz+ to both of these proteins can be demonstrated with the so-called "CaZ+ ligand blotting method that requires binding sites with high affinity.23892 In contrast, the lower affinity Glaindependent sites in factors IX, X, and protein C cannot be shown with this method. At this stage, it would seem safe to 
FUNCTION OF EGF MODULES IN VITAMIN K-DEPENDENT PROTEINS
The EGF modules of vitamin K-dependent proteins do not contain the conserved amino acids in EGF and TGF-a that are required for these proteins to express growth factor activity. Accordingly, the synthetic NH,-terminal EGF module of factor IX neither bound to the EGF receptor nor stimulated [3H]-thymidine uptake in rat kidney fibroblast^.^^ One important function of the EGF module in factors VII, IX, X, and protein C is to serve as a spacer between the Gla-region and the serine protease part. In factor X,, complexed with factor V, and phospholipid, the distance between the active site and the phospholipid surface is 69 A.116 This is consistent with an elongated factor X, molecule with the Gla-region at or close to the phospholipid surface, and the serine protease part protruding from the plane of the membrane. A spacer function also seems likely for the four EGF modules of protein S.48*49 In this context, it is noteworthy that receptors, such as thrombomodulin and the LDL-receptor, have 0-linked carbohydrate side chains adjacent to the membrane, followed by a region with EGF m o d u l e~. "~"~~ Thus, the ligand-binding region of each receptor is positioned an appropriate distance from the membrane surface (Fig 8) .
The structure of prothrombin fragment 1 provides insight into the nature of the Ca2+ and phospholipid-binding sites in Gla-containing pr0teins.4~ Both sequence similarity and results of chemical modification experiments indicate that the Gla-regions of proteins containing EGF modules are folded ~imilarly.4~~'~~ Moreover, the sequence between the Gla and EGF modules (corresponding to residues 34 to 45 in factor X and related proteins) is coded by a small exon and contains conserved Trp, Tyr, and Phe residues. Residues encoded by this exon form an a-helix in prothrombin and presumably in factor X and related protein^.^' The isolated Gla module from factor X binds negatively charged phospholipid with an affinity similar to that of intact factor X, albeit at Ca2+ concentrations that are 10-fold higher than For personal use only. on November 11, 2017 . by guest www.bloodjournal.org From ' and protein C have been found to bind Ca2+ with lower affinity than the corresponding parts of the intact proteins. However, when the Gla module is linked to the NH2-terminal EGF module of factor X, it binds Ca" with the same aflbity as when it is part of the intact protein?' This has also been observed with the corresponding fragments from factor IX and protein C. '8.25 Thus, the EGF modules and/or the short peptide that links the Gla and EGF modules seem to be required as scaffolds for the folding of the Gla modules. Based on the Ca2+-dependence of binding of a monoclonal antibody to an epitope in the Gla-region of protein C, it has been proposed that occupancy of the Ca2'-binding site in the NH,-terminal EGF module is required for the folding of the Gla module.'" However, this point has not yet been rigorously proven.
The effect of binding of Ca2+ to certain EGF-like modules and the concomitant global conformational change in the intact molecules have already been discussed briefly. The correlation between occupancy of the Gla-independent Ca2+-binding site in the NH2-terminal EGF module and the rate of activation of protein C and Gla-domainless protein C by the thrombin-thrombomodulin complex have been studied in detail.'",'" Thus, the EGF modules may alter the conformation of the serine protease part. This conclusion is consistent with recent experiments with recombinant protein C in which Asp 167 (in the activation peptide of the heavy chain) was mutated to Gly or Phe.'= The rate of activation of mutant protein C was less enhanced by Ca" than the rate of activation of the nonmutant protein. These results suggest that the NH,-terminus of the heavy chain of protein C somehow contributes to the Ca2+ binding of the NH,-terminal EGF module. It has also been shown that binding of Ca" to a Gla-independent site affects the amidolytic activity of protein C.lz4 
NOTCH

DELTA
Factor Xase is composed of factor IX,, factor VIII,, Cazf, and phospholipid, and the prothrombinase complexes consist of factor X,, factor V,, Ca", and phospholipid." The interaction between factor IX, and factor VIII,,-phospholipid is characterized by a kd = 7 nmol/L and that between factor X, and factor V,-phospholipid by a kd = 1 nmol/L (estimated from kinetic studies)." On activation of both factor IX and factor X, there is a major conformational change, primarily involving the serine protease parts of the enzymes, that provides the specificity required in the interaction between enzyme and cofactor-phospholip-
The aikity between the corresponding zymogen and cofactor-phospholipid is orders of magnitude lower. The question of whether there is a direct interaction between the EGF modules of each enzyme and the corresponding cofactor has been addressed using recombinant proteins. Hybrid recombinant factor IX molecules, with the NH2-terminal or both EGF modules exchanged for the corresponding modules in factor X, have been produced." The hybrid molecules were activated at near-normal rates by factor XI, in the presence of Ca2+. Hybrid factor IX, with an NH,-terminal EGF module from factor X had nearnormal factor IX clotting activity, whereas hybrid factor IX, with both EGF modules from factor X had 4% of normal clotting activity. Recombinant factor IX molecules in which residues in the NH,-terminal EGF module implicated in Ca2-binding were mutated individually (see above) had low biologic a~tivity.'~ The mutant molecules were activated at normal rates by factor XI, in the presence of Ca2+. In the presence of phospholipid only, there was a small difference in the ability of mutant and nonmutant factor IX, to activate factor X. However, if factor VI11 was present nonmutant factor D(, activated factor X much more rapidly than mutant factor IX, (the mutations were Asp 47 to Lys or Gly; Asp 49 to Glu; Asp/Hya 64 to Lys, Val, or Gly).14 The same observation has been made with factor IX Alabama (Asp 47 to Gly)."' The difference in biologic id. 26, 27, US. 126
For personal use only. on November 11, 2017. by guest www.bloodjournal.org From activity between mutant and nonmutant factor IX, may be due to a direct interaction of the EGF module(s) and factor VIII,, or induced indirectly by a conformational alteration in the serine protease part. Finally, a fragment of factor IX that contains the two EGF modules is an inhibitor of factor IX, in clotting assays, suggesting a direct interaction between one or both EGF modules and factor VIII,.26 No mutations in the COOH-terminal EGF module of factor IX have yet been characterized at the protein level. These findings suggest that, although most of the binding energy derives from the interaction between the cofactor and the serine protease part of the corresponding enzyme, the EGF modules do in fact contribute to the interaction with the cofactor. However, it is also possible that the EGF modules of factor IX, interact directly with the substrate, factor X. To evaluate the in vivo relevance of these low-affinity interactions between EGF modules and cofactors, new in vitro methods that mimic the flow of blood will probably have to be a d 0~t e d . l~~
The anticoagulant activity of activated protein C in plasma depends on the presence of protein S. Both proteins have EGF modules. The anticoagulant activity of activated protein C is inhibited by a protein C fragment consisting of the Gla-module and the two EGF modules, although a rather large molar excess of the fragment relative to activated protein Cis req~ired.'~ This effect is only observed if the protein S concentration is limiting. Neither the isolated Gla-module nor the isolated pair of EGF modules inhibit activated protein C. Although the complexity of the system precludes an explanation in molecular terms, the results of the experiments are compatible with the hypothesis that the EGF modules in activated protein C interact directly with protein S. As it has been observed that certain nonvitamin-K-dependent proteins appear to interact directly with each other via their EGF modules (see below), it is tempting to speculate that these domains in activated protein C and protein S interact.
Endothelial cells contain a receptor that binds factor IX with high affinity (kd = 2 nmol/L).'z Unlike factor VII1,-phospholipid, the endothelial cell receptor binds factor IX and factor IX, equally avidly. Although the Gla module of factor IX is of prime importance in binding to the endothelial cell receptor, the NH,-terminal EGF module seems to contribute to receptor bindi11g.2~3''~ The function of the receptor is unknown. There is no comparable receptor for factor X on cultured aortic endothelial cells.27
EGF MODULES IN NONVITAMIN-K-DEPENDENT PROTEINS
Nonvitamin-K-dependent plasma proteins that contain EGF module(s) include factor XII, tPA, uPA,' x3 and complement proteins Clr and C~S .~' , '~'
The function of the EGF module in factor XI1 is unknown. The single EGF module in the plasminogen activator, uPA, mediates binding to a recently characterized cell surface re~eptor.'~' It does not have the consensus sequence required by the AspIAsn-Phydroxylase." Receptor-bound single-chain uPA can be activated by limited proteolysis, and the enzymatically active two-chain form of the molecule, which remains bound to the receptor, can then mediate localized plasminogen activation. Clr and Cls are precursors of serine proteases and identical in domain structure. They form a Ca2'-dependent tetrameric complex, Cls-Clr-Clr-Cls, that binds Clq." On interaction with appropriate activators, the serine proteases of the macromolecular complex are sequentially activated. Both Clr and Cls contain an EGF module. Binding of Ca2' and the ability to form Caz+-dependent oligomers has been mapped to the aminoterminal region ( = 200 amino acids) of these molecules that each contain one EGF m o d~l e ,~' although the functions of these modules in the assembly of the macromolecular complex has yet to be elucidated. In both Clr and Cls, the EGF module has the negative-charge distribution that is suggestive of a Ca2'-binding site (Fig 7) , and each module contains one hydroxylated asparagine residue."
Several cell surface receptors have EGF modules (Fig 8) . Cell adhesion molecules of the so-called selectin type have an NH,-terminal lectin domain followed by an EGF module that lacks the hydroxylase consensus seq~ence.'~' It has been proposed that the EGF module alters the conformation of the lectin domain.'33 The low-density lipoprotein receptor has a ligand binding region with seven Cys-rich repeats that are homologous to the complement protein C9.IL9 Between this region and the region that is rich in 0-linked carbohydrate units, there are three EGF modules, two of which have the hydroxylase consensus sequence and the residues that constitute a putative metal ion binding site. Deletion of the EGF modules results in impaired acid-mediated dissociation of the lipoprotein from the receptor and an impaired recycling of the receptor to the cell surface.'34 It is possible that the low pH in the endocytic vesicle induces a conformational change in the EGF module that is mediated to the ligand-binding region with concomitant dissociation of the ligand from the receptor. In this context, it is noteworthy that Ca2+ binding to the NH,-terminal EGF module of factor X is pH-dependent due to the presence of two nearby His resid~es.'~ Thrombomodulin is a key protein in the protein C anticoagulant pathway.'" It is an integral membrane protein of endothelial cells that binds thrombin with high affinity (kd < 1 nmol/L). The thrombin-thrombomodulin complex activates protein C to the corresponding anticoagulant serine protease. The extracellular part of thrombomodulin has a cluster of 0-linked carbohydrate side chains adjacent to the cell membrane, and then six EGF modules that are followed by an NH,-terminal region with unknown function. EGF modules four to six are directly involved in protein C a~tivation.'~~.'~' Thrombin seems to bind to the fifth module and protein C to interact with the fourth, an interaction that at least in part seems to be mediated by the Glamodule.
Not only diffusible TGF-a, but also the precursor of TGF-a, a transmembrane protein, can provide mitogenic stimulation by interaction with the EGF-re~eptor.~~,"~ The precursor form of the molecule also mediates cell-cell adhesion. Whether the precursor of EGF itself can mediate cell adhesion and provide mitogenic stimulation is unFor personal use only. on November 11, 2017 . by guest www.bloodjournal.org From known. Laminin, thrombospondin, and tenascin are high molecular weight proteins of the extracellular matrix that promote cell adhesion and contain EGF modules.' The domains in laminin, a very assymetrical high molecular weight protein with a partly rodlike structure, have a slightly variant structure with an extra disulfide bond. The proteins promote cell growth, and EGF module-containing fragments of laminin are as effective as EGF itself in inducing a mitogenic response in certain cells.S,'40 However, the fragments do not compete with EGF for binding to the EGF receptor, and no direct involvement of EGF modules in the induction of the mitogenic response has yet been rigorously established. There is no evidence of proteolytic degradation of the cell adhesion molecules with a liberation of diffusible growth factors. These very assymetrical high molecular weight proteins have partly rodlike structures, particularly in the EGF-module-containing Products of homeotic genes in D melunogaster and Cuenorhubditis eleguns that control the developmental fate of cells have been found to be integral membrane proteins that contain multiple EGF modules (Fig 8) . Mutations in loci coding for these proteins in Drosophila result in hypertrophy of the nervous system at the expense of epidermal ~tructures.'~' The protein products of these loci are termed Delta,94 Slit," and The protein coded by the Lin-12" locus in C elegans controls cell-cell interactions. The protein that has been characterized in most detail is Notch which contains 36 EGF module^.'^ A total of 22 of these modules have the consensus sequence that is required by the AspIAsn-p-hydroxylase, 18 of these 22 domains have Asp corresponding to the position in factor X that is hydroxylated, and 4 have Asn.
Whether any of these AspIAsn residues are indeed hydroxylated is not known. Most of these modules also have the Asp/ Asn-IleIVal-Asp-Glu-Cys sequence (corresponding to residues 46 to 50 in factor X; Figs 5 and 7) that is indicative of metal ion binding. There is no evidence that any of the proteins are cleaved to produce diffusible growth factors. It has recently been shown that cells expressing the Notch protein in tissue culture form mixed aggregates with cells that express the Delta protein, and that cellular interaction is mediated by the Notch and Delta protein~.~" It was also shown that the interaction between the Notch and Delta proteins on apposing cells is Ca*'-dependent. An interesting possible feature of the interaction of these multi-EGF module proteins is that the interaction between individual modules may be of low affinity, but that the interaction between the intact proteins is characterized by a high degree of cooperativity. For personal use only. on November 11, 2017 . by guest www.bloodjournal.org From
